A three-dimensional force transducer was installed in the neck of a violin under the A string at the D5 position in order to study the force with which the violinist clamps the string against the fingerboard under normal playing conditions. Violinists performed repetitive sequences of open Aand fingered D-tones using the ring finger at tempi of 1, 2, 4, 8, and 16 notes/s at mezzo-forte. At selected tempi, the effects of dynamic level and the use of different fingers were investigated as well. The force profiles were clearly dependent on tempo and dynamic level. At slow tempi, the force profiles were characterized by an initial pulse followed by a level force to the end of the finger contact period. At tempi higher than 2 Hz, only pulsed profiles were observed. The peak force exceeded 4.5 N at 1 and 2 Hz and decreased to 1.7 N at 16 Hz. All force and impulse values were lower at softer dynamic levels, and when using the ring or little finger compared to the index finger.
I. INTRODUCTION
When playing bowed string instruments ͑violin, viola, cello, and double bass͒, the left hand fingers press the string against the fingerboard to control pitch by temporarily shortening the speaking length of the string. During this stringpressing motion, the force exerted by the finger can be divided in two components. First the finger force has to overcome the transversal reaction force due to string tension when the string is pressed down. The string reaction force is here defined as the force needed to press the string down so it barely touches the fingerboard. It is a property of the instrument, slowly varying from note to note. The string clamping force is the additional force applied by the player to press the string against the fingerboard in order to establish a stable string termination. Askenfelt and Jansson ͑1992͒ measured string reaction forces on the violin between 1.5 and 2.0 N at the middle of the string, increasing with about a factor of 2 toward the nut and the upper end of the fingerboard. The string reaction force will vary somewhat with bow force since it lowers the string to some extent. Typical values of bow force of 0.5-2.0 N has been reported in violin playing ͑Askenfelt, 1989͒. The effect on the reduction in string height was not reported.
Askenfelt and Jansson ͑1992͒ noted that the string clamping force had not been measured previously. However, they hypothesized that professional players would use little excessive force for clamping the string once the string has begun vibrating. The idea of a light pressure, sufficient to hold down the string, is also recommended by violin pedagogues ͑e.g., Flesch, 1930; Galamian, 1962͒. Baader et al. ͑2005͒ recently examined the kinematics of left finger movement while violinists of varying skill levels performed an exercise on the D string. In all subjects they identified a close temporal coupling between the movements of the left hand fingers and the right hand, controlling bow motion. Interestingly, the timing of the moment of fingerboard contact relative to the start of a new bow stroke at bow changes varied among violinists, possibly reflecting a difference in the fingering strategy among performers. They also found that left hand fingers started to move almost one tone in advance of the production of the target tone, indicating that fingering motions are made in an anticipatory fashion. A search of literature revealed no other scientific studies that addressed the issues of left hand fingering motion and associated forces.
There are at least three reasons why an understanding of the forces exerted by the left fingers in string playing is important. First, the control of pitch requires not only a precise positioning of the fingertip on the string. In order to quickly achieve Helmholtz motion, a force must rapidly be applied by the finger, which is sufficiently high to swiftly bring the string down to the fingerboard, and establish a firm stringfingerboard contact The string clamping force will in principle need to be increased when string amplitude and bow force is increased in loud playing, in order to secure a welldefined string termination. Among other things, the static transversal force on the string in the bowing direction scales with bow force. The timing and magnitude of the string clamping force therefore can be an important source of information for understanding players' control of sound and timbre.
Second, the impulse delivered to the string and fingerboard represents the mechanical work of the left hand required for sound generation, and relates to the efficiency of performance. Third, values of peak force as well as impulse can be linked to the level of mechanical stress to which the players' left hand is constantly exposed. Neuromuscular and skeletal disorders in violinists and violists are found twice as often in the left than as in the right hand ͑Brandfonbrener, 1990; Lederman, 2006͒ . Information regarding the string clamping force could thus help in understanding the etiology of playing-related problems.
In order to record and evaluate the string clamping force when playing the violin, we installed a three-dimensional ͑3D͒ miniature force transducer in the neck of an ordinary violin. Using this violin, a series of studies was conducted to investigate how string clamping force was influenced by variables set by the score and by players' individual performance techniques. In the present study, we examined the effects of tempo, sound pressure level, and the fingers used during simple exercises.
II. METHODS

A. Subjects
Eleven young Japanese violin players ͓9 females and 2 males, mean age Ϯ standard deviation ͑SD͒ = 23.5Ϯ 4.3 years͔ with more than 14 years of violin training under the guidance of professional violin teachers served as subjects in the experiments. All subjects had started their violin training before the age of 5 years. Five of them were professional solo performers and/or members of professional symphony orchestras. The others were either undergraduate or graduate students from professional performer training courses in the violin at the Department of Music at Japanese universities. Recruitment of the student players was based on their background ͑at least several participations in domestic and/or international violin competitions͒ and recommendations by their university violin teachers. All subjects reported that they were right-handed, and had not experienced serious playing-related physical problems in the past. Informed consent was obtained from all subjects, and the study was approved by the University Ethics Committee.
B. Experimental violin
A classical 4/4-size Yamaha violin ͑model: V10G͒ with a set of Thomastik-Infeld violin strings ͑type: blue͒ 1 was used ͓see Fig. 1͑a͔͒ . The string reaction force for note D5 played on the A string was assessed to be 2.2 N. 2 The reduction in string reaction force by the application of bow force was estimated to be around 0.07 N at piano and 0.15 N at forte levels.
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The violin was equipped with a 3D miniature force transducer ͑model: USL06-H5-50N-C, Tec-gihan Co., Kyoto, Japan͒ screwed onto a 2-mm thick duralumin plate, which in turn was fixed to the flat surface of the neck ͑fin-gerboard removed͒; see Fig. 1͑b͒ . The dimensions of the transducer were 20ϫ 20ϫ 5 mm 3 ͑mass 3 g without wire͒. Maximum measurement ranges were 50 N in the vertical and 25 N in the lateral and longitudinal directions ͓see the definition of the force directions in Fig. 1͑b͔͒ . The force resolution was 0.03 N in the vertical direction and 0.015 N in the lateral and longitudinal directions. The non-linearity and hysteresis were less than 1% in all directions. The wire from the transducer was located under the fingerboard and extended from the peg box ͑see Fig. 1͒ .
A thin duralumin plate ͑18ϫ 18ϫ 1.5 mm 3 ͒ was screwed to the force-detecting facing of the transducer. A piece cut from the fingerboard ͑18ϫ 18ϫ 2 mm 3 ͒ was then glued to the plate. The thickness of this small piece was fine-adjusted so that its slightly curved surface was flush with the fingerboard surface. The center of the force transducer was located below the A string at a distance of 78 mm from the nut, which corresponded to the position of D5. The force signals were amplified using a three-channel strain gauge amplifier ͑model: DSA-03Am Tec-gihan Co., Kyoto, Japan͒ and stored on a computer via a 12-bit analog/digital ͑A/D͒ converter sampling at a frequency of 2 kHz.
In order to monitor transverse string velocity, a small cobalt magnet ͑7 mm in diameter and 9 mm in thickness͒ was attached to the violin, located 2 mm under the A string and 30 mm from the bridge ͑approximately at the bowing point͒. The magnet was glued on an edge of a small wooden stick ͑8 ϫ 10ϫ 60 mm 3 ͒, attached to the fingerboard ͓see Fig. 1͑c͔͒ . The two ends of the A string were connected to the A/D converter, and the induced signal was amplified ͑ϫ20͒ and recorded on the computer along with the force signals at a sampling rate of 10 kHz.
C. Experimental room and sound recording
A Nihon-Koden soundproof and shielded-chamber ͑2.4 m high, 2.4 m wide, and 4.2 m long͒ with an ambient noise level of around 38 dB ͑sound pressure level͒ was used for the entire experiment. The reverberation time of the chamber was around 0.17 s at 0.5 kHz, and 0.13 s at 1 kHz. Radiated violin sound was sampled using a sound-level meter ͑model: NA-27, RION Co., Japan͒ placed approximately 1 m from the center of the top plate of the violin. The height of the sound-level meter was adjusted approximately to the level of the violin strings for each subject. The sound-level signal was stored in the computer at 2 kHz, synchronized with force data. In addition, the audio signal from the sound-level meter was monitored on line to provide the subject with feedback on their sound level. Photos showing ͑a͒ the experimental violin, ͑b͒ force transducer after the fingerboard is removed, and ͑c͒ a small magnet fixed at the end of the fingerboard for string velocity measurement. The force transducer provided the mediolateral ͑Fx͒, longitudinal or fore-aft ͑Fy͒, and vertical ͑Fz͒ components of the string clamping force. A small piece ͑18ϫ 18 ϫ 2 mm 3 ͒ was cut from the fingerboard and attached to the force sensor to measure the string clamping force.
D. Experimental tasks
All subjects performed four sets of experimental tasks. These were ͑1͒ repetitive A-D tone production ͑alternating open string-fingered string with force recording͒, ͑2͒ melody performance, ͑3͒ minimum string clamping force measurement, and ͑4͒ maximum finger force measurement. All tasks were performed using the experimental violin, with the subjects seated in a chair facing the sound-level meter. To perform the first three tasks, each subject used a bow brought by him or herself. The tasks were performed with alternating up-strokes and down-strokes at a 1-Hz pace, using threefourth of the bow hair length to keep the bow speed as constant as possible across all tasks ͑about 50 cm/s͒.The bowbridge distance was maintained constant at around 30 mm from the bridge during all tasks.
Repetitive A-and D-tone production task
In the first set of experimental tasks, each subject performed 20 repetitions of alternating A-and D-tones at five predetermined tempi ͑1, 2, 4, 8, and 16 Hz or notes/s; nominal durations 1000, 500, 250, 125, and 63 ms͒ at a medium sound pressure level ͑mezzo-forte= 75-77 dB͒. An example of registrations from this task, including string clamping force and sound and string velocity signals, is shown in Fig.  2 . The tempi corresponded to quarter, 8th, 16th, 32nd, and 64th notes with quarter notes played at 60 beats/min ͑see the scores in Fig. 4͒ . At 1, 4, and 16 Hz, the subjects also performed the same task at lower ͑p = 70-72 dB͒ and higher ͑f = 80-82 dB͒ sound pressure levels. These levels were determined based on the results of preliminary tests with the experimental violin performed by three violinists.
The left hand was basically placed in the first position, using the ring finger for playing the D-tone. To examine finger differences, three other cases using the index finger in the third position, the middle finger in the second position, and the little finger in the first position were also tested for selected combinations of tempi ͑2 and 8 Hz͒ at mf level. In total, 17 combinations of tempi, sound level, and finger were included in this first task, which all were repeated 20 times.
Instructions given to subjects regarded the tempo, dynamic level, finger used, and to play all tones without vibrato. No specific instructions concerning how fast the string should be pressed down or the angle of finger relative to string or fingerboard were given.
Melody tasks
In the second set of tasks, each subject played a short etude at a 1-Hz tempo and a musical excerpt from a Japanese nursery rhyme at a 2-Hz tempo. Both were played four times at mf sound level without vibrato. In each piece, the D following the open A was played using the ring finger eight times. These tones were written as quarter and eight notes in the 1-Hz etude and 2-Hz melody, respectively.
Minimum string clamping force measurement
In order to assess the excess force used in the first two tasks for clamping the string against the fingerboard above the minimum force required for producing the D-tone with normal quality, the minimum string clamping force needed to be determined in a separate experiment. This was done for the ring finger at p, mf, and f levels for all subjects. While bowing continuously at 1 Hz, the subjects started to generate the D-tone at the target sound pressure level ͑Fig. 3͒. They then searched for the minimum string clamping force by increasing or decreasing the force while continuously judging the tone quality. After reaching the minimum force, which still produced a normal tone quality, the subjects maintained the tone for 3-4 s while keeping this minimum force.
The quality of the string motion at the minimum force was examined by inspection of the string velocity signal. Guettler and Askenfelt ͑1997͒ reported that string players are quite sensitive to the noise produced when the slipping intervals deviate substantially from the nominal periodicity in the onset transient in bowed string attacks. Applying this criterion on the quasi-steady-state part of string tones in our experiments, the regularity of the slip-to-slip interval and appearance of irregular slips during the last 4 s of the minimum force production period were visually inspected, and compared with the waveform during the initial part with higher bow force and normal Helmholtz motion ͑see phases "a" and "b" in Fig. 3͒ . The minimum force production task was accepted only if the string motion was normal ͑regular Helmholtz motion with one slip per period͒ during the last 4 s. String clamping force and string velocity during a trial to detect the minimum clamping force. The quality of the tone during the minimum force production part ͑phase b͒ was evaluated from the string velocity signal ͑periodic slip/stick triggering condition͒ and compared to that during the initial period ͑phase a͒ with steady-state Helmholtz motion before accepting the data for subsequent analysis
The mean value of the sound pressure level during the corresponding period was also computed to judge if the dynamic level was in the acceptable interval. The subjects repeated the trials until they could produce acceptable data in three trials at the predetermined ranges corresponding to p, mf, and f levels. The mean force during a 1-s interval at the middle of the last 4 s of the minimum string clamping force production period was computed. The minimum of the three determined mean values was taken as the minimum string clamping force for that subject.
Maximum finger force measurement
After the measurement of the minimum string clamping force, the maximum isometric voluntary force for each finger was measured in all subjects when pressing the fingerboard at the D-tone position. This task was performed on another violin ͑4/4-size Carlo Giordano violin, model: VS-2s͒ with a 3D miniature force transducer ͑model: USL06-100N-C, Tecgihan Co., Kyoto, Japan͒. This transducer could measure a maximum of 100 N in the vertical direction and 50 N in the lateral and longitudinal directions. All strings were removed to permit the subjects to apply the force by the target finger directly on the fingerboard above the transducer. The subjects were asked to press with the index, middle, ring, and little fingers for 3 s each with maximal force, keeping a similar finger posture for all fingers. The maximum force data were collected three times for each finger with adequate rests between measurements, and the highest value was used as the maximum finger force for each finger.
E. Experimental procedure
A few weeks before the experiment, each subject was carefully briefed on the purpose of the study, the tasks and experimental conditions ͑tempi, dynamics, and fingers͒, and test procedure. The scores were also shown to the subjects. On the experiment day, the tasks were again explained, and then each subject participated in a practice session for about 30 min to acclimate to the experimental violin and tasks. The subjects were instructed to play as usual, keeping the speed of finger attack for pressing down the string and the magnitude of the pressing force against the fingerboard as in their normal playing. Pre-recorded violin sounds at the target sound pressure levels were presented from a speaker placed in front of the subject. The subject then performed the task at the same level. With the help of an experimenter providing feedback on differences in the produced and presented sound pressure levels, each subject practiced the task until he/she could reduce the error to within Ϯ1 dB of 71, 76, and 81 dB at p, mf, and f, respectively. Help in maintaining the specified tempo was given by a silent metronome with a light emitting diode flashing at 1 Hz in front of the subject.
After the practice session, subjects performed the first experimental tasks ͑the repetitive A-D tone production͒. The order of all conditions was randomized for each subject. The subjects then performed the remaining three tasks: melody, minimum string clamping force measurement, and maximum finger force measurement. After completion of these, each subject was requested to answer a set of questions concerning their violin training background and playing habits. The time required to complete the experiment was typically 90 min, with an adequate rest between tasks.
At the end of the experiment each subject was interviewed, answering questions related to the experimental violin, the experimental tasks, and normal musical performance. Questions were asked to assess whether they had to change their fingering action substantially from playing their own violin compared to the experimental violin, and what their perceptions were about the magnitude of the force applied by the fingers at different tempi, loudness, and finger used. Subjects were also asked about the differences between fingers regarding the ease of the fingering action.
F. Parameters evaluated
The string clamping forces in the three directions, the string velocity, and the sound were stored on the computer and later analyzed off-line. From the three directional components of force, the resultant force vector was calculated by taking the root of the squared sum of the components. This resultant force was used as the string clamping force in the subsequent analysis.
For evaluation of the string clamping force for the A-D tone production and melody tasks, one temporal and three string clamping force variables were selected ͑see Fig. 3͒ . These were ͑1͒ force-application time, which was the duration between the onset ͑Ͼ0.03 N͒ and termination ͑Ͻ0.03 N͒ of the string clamping force; ͑2͒ peak force; ͑3͒ average force during the force-application time; and ͑4͒ a total value of the impulse as defined by integration of the string clamping force during the application time. The threshold criterion of 0.03 N for force onset and termination was based on the resolution of the force sensor.
All variables were computed for each finger. For each variable, the mean of the data from the 20 repetitions by each subject was calculated. For the second set of tasks, the means of the eight force values from the four repetitions of the etude and the melody, respectively, were computed.
G. Statistical tests
Using the mean data for each subject for each experimental task, one-way or two-way analysis of variances ͑ANOVAs͒ with repeated measures were performed depending on the purpose of the comparison. Significance was accepted at p Ͻ 0.05. Figure 4 shows representative time-history curves for string clamping forces and string velocity signals for one subject at different tempi at mf level, when the ring finger was used. At the slower tempi of 1 and 2 Hz, the curves show an initial force pulse with a distinct peak, followed by a level force at a lower magnitude. This level force lasts until near the end of the duration of the note. At tempi faster than 4 Hz, only a pulsed force profile appears. At the fastest tempo of 16 Hz, the force exhibits a continuous wave-like pattern with markedly lowered peaks. Similar force profiles were observed for all subjects.
III. RESULTS
A. String clamping force at different tempi
The mean values of the peak and average forces across all subjects at each tempo were computed. The mean peak force exceeded 4.5 N at 1 and 2 Hz, and the corresponding average forces were around 3 N ͓see Fig. 5͑a͔͒ . At 16 Hz, the peak and average forces decreased to 1.7 and 1.0 N, respectively. The mean impulse value was 2.6 N s at 1 Hz, which decreased to 0.08 N s at 16 Hz ͓see Fig. 5͑b͔͒ . One-way ANOVA with repeated measures revealed significant differences between the means of the peak force ͓ANOVA's F value with degrees of freedom of 4 ͑the between group variation͒ and 40 ͑the within group variation͒ ͑F 4,40 ͒ = 21.56, p Ͻ 0.001͔, average force ͑F 4,40 = 18.29, p Ͻ 0.001͒, and impulse ͑F 4,40 = 23.43, p Ͻ 0.001͒. Tukey's post-hoc tests revealed that for the peak and average forces, the means at 8 and 16 Hz were significantly different from those at lower frequencies ͑p Ͻ 0.001͒. For the impulse, the 1-Hz and 2-Hz data were significantly different from the slower tempo data ͑p Ͻ 0.001͒. The differences among the means at 4, 8, and 16 Hz were non-significant.
The sign of the string velocity pulses provided information about the changes in bowing direction ͑see Figs. 2 and 4͒. The timing of finger force application relative to the bow motion could be assessed by computing the duration between the onset or termination of string clamping force and the development ͑attack͒ of string velocity for the target tone. Data were obtained from three subjects at mf level at 1, 2, and 4 Hz. At 1 Hz, the string velocity for D-tone started on average 16 ms ͑range 8-31 ms͒ after the onset of the finger force. The string velocity for the following A-tone started on average 35 ms ͑range 19-56 ms͒ after the termination of the string clamping force for the D. For the 2-and 4-Hz cases, only the duration associated with the force termination was available, and their means ͑37 and 36 ms, respectively͒ were similar to that of the 1-Hz trials. These findings indicate that for the current three subjects' left hand fingering always preceded the start of the bow strokes. Figure 6 shows the mean string clamping force profiles of one subject averaged across the 20 repetitions at p, mf, and f levels for three tempi ͑1, 4, and 16 Hz͒, using the ring finger. Note that the overall feature of the force profiles at different dynamic levels was similar even though the peak forces were higher when generating louder sounds. Similar relations between force profiles and dynamic level were observed in all subjects. The loudness effect in relation to tempo was examined using the mean values of the peak force and impulse across all subjects ͑see Fig. 7͒ . Two-way ANOVA with repeated measures revealed a significant loudness ϫ tempo interaction for the peak ͑F 4,40 = 6.51, p Ͻ 0.001͒ and impulse ͑F 4,40 = 8.50, p Ͻ 0.001͒, as well as the main effect of loudness for the peak ͑F 2,20 = 19.00, p Ͻ 0.001͒ and impulse ͑F 2,20 = 39.75, p Ͻ 0.001͒. Figure 8͑a͒ shows the mean string clamping force profiles of the index, middle, ring, and little fingers when one subject performed at 2-and 8-Hz tempi at mf level. The force profiles were similar for all fingers at each tempo, but the force magnitudes differed. The mean values of the peak FIG. 4 . ͑Color online͒ Representative time-history curves of the string clamping force and string velocity from one trial by one subject performed at each of the five tempi examined. Scores of the experimental tasks with notation of the bowing direction at each tempo are also shown. The finger used was the ring finger and the dynamic level mf. force and impulse across all subjects were largest for the index finger, followed by the middle, little, and ring fingers in decreasing order ͓see Fig. 8͑b͔͒ . One-way ANOVA with repeated measures followed by Tukey's post-hoc analysis revealed that the index finger showed a significantly larger peak force ͑p Ͻ 0.05͒ and impulse ͑p Ͻ 0.05͒ than the ring and little fingers. The peak force for the middle finger was also significantly larger than that for the ring finger ͑p Ͻ 0.05͒.
B. String clamping force at different dynamic levels
C. Finger difference in string clamping force
D. String clamping force when playing a musical piece
String clamping forces resulting from the repetitive A-D tone production and the musical pieces were compared. Table I shows the mean values of the peak and average forces, force-application time, and impulse across all subjects when playing the etude at 1-Hz tempo and the nursery rhyme at 2 Hz. Corresponding data from the A-D tone task are also given in Table I. Note that the peak and average forces, as well as the impulse, were higher when playing the melodies than in the repetitive A-D tone production. ANOVA performed on each variable at each tempo, however, revealed that only the impulse ͑F 1,10 = 18.47, p Ͻ 0.001͒ and forceapplication time ͑F 1,10 = 18.47, p Ͻ 0.001͒ at 2 Hz were significantly different. The difference in the mean values of the other variables did not reach the level of significance possibly due to relatively large inter-subject variability ͑see the SD values of peak and average forces in Table I͒ .
E. Minimum string clamping force
The mean values of the minimum string clamping force for production of the D-tone at p, mf, and f across all subjects were 0.6Ϯ 0.2, 0.9Ϯ 0.2, and 1.1Ϯ 0.2 N. ANOVA revealed significant differences among these means ͑F 2,20 = 36.94, p Ͻ 0.001͒ Tukey's post-hoc test revealed that the differences among all mean values were significant ͑p Ͻ 0.001͒.
F. Maximum finger force for individual fingers
The mean values of the maximum finger force possible to produce by the index, middle, ring, and little fingers across all subjects were 30.1Ϯ 0.5, 28.9Ϯ 0.4, 22.5Ϯ 0.4, and 19.1Ϯ 0.3 N, respectively. ANOVA revealed that the index and middle fingers had significantly higher than the ring and little fingers ͑p Ͻ 0.001͒.
G. Subjective responses regarding fingering action
All subjects reported that although they initially experienced some differences in playing the experimental violin compared to their own, they became accustomed to it after an adequate period of practice. They commonly stated, therefore, that the forces generated by the fingers with the experimental violin represented a performance similar to that with their own violin. Concerning the effect of tempo, five subjects reported that their finger press would be lighter with increasing tempo. The others stated that they did not perceive any tempo-related difference in finger pressing. Related to dynamics, five subjects stated that they used a slightly higher finger force to clamp the string when generating a louder sound. Four subjects stated that they experienced the same level of finger force independent of dynamic level. The remaining reported that they were not conscious of any loudness-related difference in the force.
Concerning differences between fingers in the magnitude of the force used to clamp the string, all subjects reported that they did not perceive any differences in the simple tasks in the experiment. Seven added that a slightly greater muscular effort was needed for applying the same force with the little finger as with the other fingers because of its weakness. All subjects also reported that at fast tempi, the little finger was most difficult to use. The index finger was easiest to use followed by the middle finger.
IV. DISCUSSION
A. Experimental violin with force transducer
To the best of our knowledge, our study is the first attempt to install a force transducer on a violin for objective assessment of left hand fingering force during performance. The present system allowed measurement of three orthogo- FIG. 8 . ͑a͒ Illustration of the effect of different fingers on string clamping force at tempi of 2 and 8 Hz at mf. ͑a͒ String clamping force curves averaged across 20 repetitions by one subject. ͑b͒ Mean values of peak string clamping force, and ͑c͒ impulse for different fingers across all subjects. nal force components, from which the net resultant force could be computed. This is an important feature for accurate evaluation of the magnitude of the finger force applied, because there were always measurable lateral forces ͑x-and y-directions͒ due to the tilt of the finger relative to the fingerboard. When considering the total force generated by the left fingers in violin playing, we must also take the effects of bow force into account ͑see Introduction͒. As described in Sec. II, the string reaction force at the D position on the A string was 2.2 N without bow force, and with bow force applied about 2.1 N at p and 1.9 N at f. These values, however, will vary depending on the type of string used, the setting of the string-fingerboard distance ͑string height͒, and bow-bridge distance.
The string reaction force without bow force was also assessed for the 11 violins brought by the subjects. The force ranged from 1.9 to 2.4 N, with a mean of 2.1 N. For some of the subjects, the string reaction forces of their own instruments were thus slightly different from that of the experimental violin. These subjects indeed reported a perceived difference in string height. However, they also stated that the difference was too small to influence their fingering when playing the experimental violin after an adequate practicing period. Therefore, it seems reasonable to assume that force profiles similar to those observed in the experiments would have been obtained also if they had used their own instruments.
B. Effects of tempo
The profiles of the string clamping force were clearly dependent on tempo. At 1 and 2 Hz, the profiles were characterized by an initial pulse, followed by a level force lasting to the end of the D-tone. At tempi of 4 Hz and above, only the initial force pulse remained. This effect was consistent across subjects, also when playing at different dynamic levels and with different fingers. The initial force pulse seems to be a common feature during tone production in violin playing, which resembles the force pattern observed in fast finger tapping ͑Aoki et al., 2003͒. The level force was observed only in sustained notes with durations longer than 250 ms ͑4 Hz͒. The initial rapid increase in the string clamping force also for these longer notes can therefore be explained by the fact that players strive to make the duration of the attack as short as possible at all tempi.
The peak force at tempi slower than 4 Hz exceeded 4.5 N at mf level, and the average force was around 3 N. These values should be set in relation to the minimum force required to produce mf tones, which was 0.9 N on average. At slower tempi, therefore, the players clamp the string against the fingerboard with a force, which is five times higher than actually required. The safety margin in string clamping force in this case was 3.6 N. This is much higher than the estimations by Askenfelt and Jansson ͑1992͒ and Galamian ͑1962͒, who hypothesized that violinists would use little excess force to clamp the string once the string has begun vibrating. Their descriptions match the present findings at the faster tempi of 8 and 16 Hz much better; there the peak force was clearly lower. However, at these fast tempi, the magnitude of the clamping force probably reflects the temporal constraint of maintaining the target tempo to a much greater extent than the players' intention to use a fair amount of force. It therefore seems most likely that the peak and average forces observed at slower tempi represent the violinists' intended forces for attacking and clamping the string against the fingerboard.
The magnitudes of the string clamping force in this study, in general, might reflect the selection of only young violinists as subjects. A similar study using mature professional orchestra players with much longer playing experience ͑up to 40 years͒ should be conducted to obtain more information on common magnitudes of string clamping force.
Somewhat related to the effect of tempo, playing a nursery rhyme led to a longer duration of force application, resulting in larger impulse compared to the repetitive A-D tone production. The longer force-application time suggests a locally reduced tempo, allowing a longer duration of the D-tone. We hypothesize that this is caused by the player's intention to emphasize the tone as part of the melody line. The effect of musical expression on kinematics and kinetics of the left hand fingers thus merits further investigation.
C. Loudness control and string clamping force
Loudness control in bowed string instruments is accomplished by varying three bowing parameters. The bow velocity and the bow-bridge distance control the amplitude of the string motion. The bow force controls the high-frequency spectral content, which contributes substantially to the perceived loudness ͑Askenfelt, 1986; Schoonderwaldt 2009͒. All these parameters are associated with the motion of the right hand, not the left. Interestingly, we found that the string clamping force co-varied with loudness, suggesting that the left hand in some way is influenced by the loudness control by the right hand. At slower tempi, the increase in the peak force from mf to f was much larger than that from p to mf, indicating that the relationship between loudness and string clamping force is complex.
Why do players use such an excessive force for clamping the string? One reason could be to quickly and securely clamp the string against the fingerboard at loud dynamic levels; there high bow accelerations and high bow forces are used in order to obtain clean and short attacks ͑Guettler and Askenfelt, 1997͒. The observed higher force pulse peaks at the onset of the string clamping force at loud levels support this notion. Another somewhat related reason may be that players unconsciously learn to control the dynamic level through activation of the whole body, including more active string clamping by the left fingers. Indeed, the subjects commonly reported that stronger clamping of the string when playing loudly was a spontaneous behavior along with vigorous bowing by the right arm, and that changing this relationship would be uncomfortable.
The string clamping force used for clamping the string can also be discussed in relation to the maximum force possible for the finger used. At the slowest tempo examined, the peak string clamping force ranged from 3.8 N at p to 6.3 N at f level when using the ring finger ͑see Fig. 8͒ . When string reaction forces at these dynamics are added, these peak values can be increased to 5.9 and 8.2 N, respectively, which correspond to 26% and 36% of the maximum finger force possible ͑22.5 N͒ by the ring finger. Comparing the average forces ͑3.2 N at p and 5.5 N at f͒ for the same finger, the corresponding values are 5.3 N ͑24% of the maximum force͒ and 7.4 N ͑33% of the maximum force͒, respectively. According to our results, the range in string clamping force commonly used by violinists in regular performance would be one-third or less than their maximum finger force possible.
D. Finger differences in string clamping force
The post-experimental interview revealed that the subjects experienced that the string clamping force they used was similar for all fingers. This may suggest that their mental effort for clamping the string against the fingerboard was the same. Contrary to the self-reported data, the transducer data showed that the string clamping force of the index finger was significantly higher than that of the other fingers ͑see Fig. 8͒ . The middle finger also produced a higher string clamping force than the ring and little fingers. The orderly relationship in the string clamping force across the fingers thus resembled that of the maximum finger force possible. The subjects also reported the same order in their subjective judgment of the ease of clamping.
We earlier reported a similar ordering effect of individual fingers in the production of the maximum voluntary force as well as ease of tapping movements for nonmusicians ͑Kinoshita et al., 1996; Aoki et al., 2003͒ . We therefore hypothesize that even for trained violinists, innate anatomical and musculo-physiological factors determining the motor function of individual fingers play an important role in string clamping in string playing. It is also possible that the overwriting of these innate factors is limited even with extensive violin training. However, these hypotheses may need to be re-examined in studies including players with a much longer professional career ͑e.g., 30-40 years͒. Difficulty in the effective use of the ring and little fingers has also been reported by highly trained young pianists ͑Aoki et al., 2005͒.
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To assess the string reaction force for the A string at the position of D5 on the experimental violin and the violins brought by the subjects, the string was slowly pressed using a hand-held uniaxial strain gauge force transducer ͑maximum force range= 20 N͒ until it touched the fingerboard. The force at the moment of fingerboard contact was recorded via an A/D converter interfaced to a PC. The vertical distance between the under side of the A string ͑diameter= 0.7 mm͒ and the fingerboard at the position of D5 was 2.4 mm on the experimental violin. The corresponding value on the subjects' violins ranged from 2.3 to 2.8 mm, with a mean value of 2.5Ϯ 0.2 ͑SD͒ mm.
3
The bow force would act together with the finger force to press down the string during playing. A typical magnitude of the normal force applied to the string by the bow during violin playing range from 0.5 N at p to 2.0 N at f level ͑Askenfelt, 1989͒. We therefore applied a 0.5-and 2-N weight to the A string at a position of 30 mm from the bridge, and computed the associated vertical displacement of the string at the D5 position relative to the no-weight condition from a digital camera recording with calibrated scale. The string was displaced by 0.07 and 0.29 mm for the 0.5-and 2-N weights, respectively, corresponding to 3% and 12% of the original stringfingerboard distance ͑2.4 mm͒. A proportional reduction in the string reaction force of 2.2 N may be expected with these bow forces, amounting to 0.07 N at p and 0.26 N at f.
